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Abstract
We report on the realization of on-demand reconfigurable arbitrary arrays of microscopic
optical vortex generators in chiral liquid crystals. These generators are optically inscribed in
frustrated cholesteric films by means of the laser-induced local winding of the chiral liquid
crystal mesophase. This leads to the storage of microscopic, metastable, topological defect
structures endowed with space-variant birefringent properties. Such structures are shown to
produce optical vortices with a well-defined orbital state as a result of a spin-to-orbital angular
momentum conversion process.
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The orbital angular momentum of light is associated with the
phase spatial distribution of an optical field. A particular case
corresponds to light beams endowed with phase singularities,
commonly called optical vortices. Among existing techniques
for producing them, imprinting the topological information of
a natural material topological defect into a light field has the
advantage of relying on the self-engineering of matter. This
allows one to consider nanoscale spatial resolution without
the need for machining techniques. Liquid crystals are well
suited for this purpose as already demonstrated by using
dislocations [1], hedgehog point defects [2] and umbilical
defects [3, 4].
Still, obtaining reconfigurable dense and large assemblies
of optical vortex generators from liquid crystals remains a
challenging issue. Strategies based on laser-induced defect
structures are attractive as regards this aim. In a previous
work, on-demand optical vortex generation in achiral nematic
liquid crystal films using paraxial Gaussian beams has been
demonstrated experimentally [5]. However, the light-induced
nonsingular topological structures at work relax once the
writing beam is turned off, thereby preventing the simple
realization of arbitrary arrays of optical vortex generators.
Instead, here we propose to use a chiral nematic phase—a
cholesteric liquid crystal.
The cholesteric phase is a nematic phase whose director
n, a unit vector that defines the local averaged molecular
orientation, twists in a well-defined direction. It is generally
prepared by dissolving a chiral dopant in a nematic host, the
resulting mixture being characterized by its helical pitch p,
i.e. the distance over which n rotates by 2pi ; see figure 1.
When the intrinsic helical order is incompatible with the
orientational boundary conditions, frustration arises [6]. A
typical example is the case of a cholesteric film with
orientational boundary conditions that are perpendicular to
the plane of the film. For thin enough samples compared
to the pitch, the director field at rest can be unwound [7],
as illustrated in figure 1 where n0 defines the uniform
orientational ground state.
Field-induced defect structures can be obtained in such
frustrated cholesteric films, for instance by applying a uniform
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Figure 1. Illustration of the experiment. A frustrated cholesteric
liquid crystal film with pitch p, thickness d and perpendicular
orientational boundary conditions is illuminated at normal incidence
with a paraxial Gaussian laser beam with divergence θ0 (in the air).
Since d/p . 1, the orientational ground state for the director field,
n0, is unwound.
electric field. An early example is the case of the so-called
‘spherulites’; see [8] for a review. Localized structures dubbed
‘torons’ can also be generated by electromagnetic fields, as
shown in [9] where tightly focused Laguerre–Gaussian laser
beams have been used.
Here we report on reconfigurable arbitrary arrays
of microscopic optical vortex generators made of defect
structures in frustrated cholesteric films. Such structures result
from the local optical winding of the cholesteric induced
by paraxial Gaussian beams. As observed in the nonparaxial
case [9], the winding process consists of a sequence of two
kinds or reordering transitions. Here we quantitatively identify
the first one as the so-called optical Fre´edericksz transition
(OFT) [10] whereas the second one leads to topological
anisotropic structures allowing for the production of large and
dense assemblies of polarization controlled optical vortices
owing to the spin–orbit interaction of light.
The sample is prepared from the nematic 5CB doped by
the chiral dopant S811 (both from Merck) at 0.36% weight,
which gives p = 18 µm [11]. This mixture is sandwiched
between two glass substrates provided with perpendicular
anchoring conditions and spaced by d = 15 µm. The director
field is therefore totally unwound at rest. A linearly polarized
Gaussian beam at 532 nm wavelength and with divergence
θ0 = 12.7◦±0.3◦ in the air impinges at normal incidence onto
the film; see figure 1.
The optically wound structures are characterized using
very low light intensity uniform illumination, hence discard-
ing any spurious contribution from the probe field to the
observed director distortion. As expected, a uniform dark
state is observed between crossed linear polarizers at zero
pump beam power, when n = n0. In contrast, a bright state
is observed above a first threshold power P = Pth,1 ' 20 mW
from which we conclude to the optical reorientation of the
director, n 6= n0. Such a light-induced distorted state relaxes
to the ground state when the writing beam is turned off as
P < Pth,2 ' 35 mW. In contrast, a residual distorted state
is found above this second threshold. This is summarized in
figure 2 which displays the diameter D of the light-induced
structure as a function of P. In practice, D is defined as twice
the radius that corresponds to 10% of the last maximum of
Figure 2. Diameter D of the light-induced reoriented director field
versus the incident total power P. Above the threshold power
P = Pth,2, the top markers refer to the steady state under
illumination whereas the bottom ones correspond to the residual
state after the writing beam is turned off.
the probe intensity profiles. A remarkable feature of figure 2
is the abrupt increase of D at P = Pth,2, which is associated
with a structural transition. Indeed, distinct director fields are
observed just below and above the threshold, as illustrated
by figures 3(a) and (b), respectively. In addition, the residual
state obtained after turning off the light beam initially set at
P & Pth,2 is shown in figure 3(c). Its structure differs from the
steady-state one and its diameter is always found to be smaller
than the steady-state value whatever the value of P > Pth,2, as
shown in figure 2.
Noticeably, the intensity pattern between crossed linear
polarizers below the threshold power Pth,2 exhibits a dark
cross pattern. This is the indication of an axisymmetric
reorientation profile. It could be argued that such an
observation results from thermal effects. Indeed local melting
of the liquid crystal would lead to an isotropic droplet that
produces exactly this type of intensity pattern. However,
by solving the heating problem (for instance following the
analytical formulation given in [12]) and taking a typical
absorption value of 0.05 cm−1 for the liquid crystal mixture,
we find a maximal temperature elevation of the order of
1 K. Noting that the experiments were performed at room
temperature (T ∼ 20–25 ◦C), this cannot be explained either
by the existence of a nematic-to-isotropic transition (the 5CB
melting point is ∼35 ◦C) or by the ensuing modifications
of the elastic constants (a variation of a few per cent is
expected [13, 14]). Another explanation could rely on the
athermal lowering of the liquid crystal order parameter as a
result of light-induced reorientation gradients, which would
play a similar role to the presence of an isotropic droplet.
An alternative qualitative explanation can also be proposed,
recalling that the experiments are made using θ0 ∼ 100 mrad.
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Figure 3. Illustration of the abrupt change of the diameter and orientational state of the laser-induced reoriented structure near to P = Pth,2;
see figure 2. ((a), (b)) False color representation of the steady-state structure just below/above the threshold observed using a 632.8 nm
probe wavelength. (c) Residual state after the writing beam is turned off. Observations are carried out between crossed linear polarizers.
This suggests a topological optical reorientation to be at
work—a process leading to localized nonsingular topological
defect structures originally introduced for nematic films
illuminated by Gaussian beams at normal incidence [15, 16].
This would lead to complex director reorientation rather than
in-plane distortions, as usually described in the standard OFT
picture [17]. Still, hereafter we show that Pth,1 quantitatively
corresponds to the OFT threshold power.
For this purpose let us introduce the OFT intensity
threshold for a plane wave illumination (referred to as ‘∞’)
at normal incidence of a nematic film of thickness L, I∞nem =
pi2cK3n2‖/[L2n⊥(n2‖ − n2⊥)] [18], where c is the speed of
light and K3 is the bend elastic constant. For frustrated
cholesterics, that is d/p < 1/(2k2) where k2 = K2/K3 with
K2 the twist elastic constant, the OFT threshold intensity
is reduced by a factor fchol = 1 − (2k2d/p)2 with respect
to that for nematics [19]. In a real experiment, however,
finite beam size effects are expected. For Gaussian beams,
the on-axis OFT threshold intensity is increased by a factor
fbeam = [1 + L
√
2/(piw0)]2 [20], where w0 is the beam waist
radius at exp(−2) of its maximum intensity in the focal plane
that is located in the present case in the middle of the film;
see figure 1. The resulting expression for the OFT threshold
power for Gaussian beams normally incident on a frustrated
cholesteric film is therefore POFT = (piw20/2)fcholfbeamI∞nem,
namely
POFT =
pi3cK3n2‖
2n⊥(n2‖ − n2⊥)
[
1−
(
2k2d
p
)2](w0
L
+
√
2
pi
)2
. (1)
Using the typical value k2 = 0.4, one finds from
equation (1) POFT = Pth,1 for K3 ' 9 pN, which corresponds
to the data measured for 5CB at 21 ◦C in [13] and
at 20 ◦C in [14]. Pth,1 thus quantitatively corresponds to
the OFT under the finite-size excitation beam, thereby
validating quantitatively previous qualitative statements [21]
and supporting the notion of a winding transition driven by
optical reorientation rather than thermal or anchoring effects.
The diameter at the onset of the second transition, like
that of the residual structure, satisfies D∗/p ' 1.2, at least
for not too high input power; see figure 2. This is a value
close to the critical ratio (d/p)∗ = 1/(2k2) above which
the ground state n0 is unstable in the absence of external
fields [22]. Indeed, k2 = 0.4 gives (d/p)∗ = 1.25. Such a
value agrees with the topological description of spherulites
proposed by Pirkl et al [23]. Moreover, we point out that
the three-dimensional structure of the latter spherulites is the
same as the one experimentally determined for the T3-1 toron
in [9], as one can judge by comparing figure 11 of [23] with
figure 3 of [9]—an equivalence seemingly missed so far.
Light-induced spherulites enable one to twist the
wavefront of the light itself, thereby producing optical
orbital angular momentum. Indeed a phase singularity with
topological charge 2 (i.e. the phase winds by 2 × 2pi along
a closed circuit around the singularity) can be generated
from spherulites when using a circularly polarized read-out
field owing to the space-variant birefringent nature [24].
The underlying spin-to-orbital angular momentum conversion
process can be grasped by considering the propagation of
a normally incident circularly polarized plane wave through
an inhomogeneous and anisotropic axisymmetric waveplate
whose optical axis makes an angle φ + ϕ(r), where (r, φ) are
polar coordinates in the (x, y) plane and 1(r) refers to the
local axisymmetric birefringent phase retardance profile. Let
us consider the incident electric field Ein = E0 e−i(ωt−k0z) eσ
where ω is the light angular frequency at time t, k0 is the
wavevector in vacuum and eσ = (ex + iσ ey)/
√
2 is the
unit vector that defines the polarization state, with σ = ±1
for left/right handedness. Neglecting diffraction effects, the
output light field can be calculated using the Jones formalism:
Eout(r, φ) ∝ E0{cos [1(r)/2] eσ
+ i sin [1(r)/2] ei2σ [φ+ϕ(r)] e−σ }. (2)
From the phase term exp(i2σφ) in the above equation, one
recognizes a phase singularity with topological charge ` =
2σ embedded in the contra-circularly polarized output field
component with respect to the incident polarization state.
As a consequence, the intensity profile of the vortex field
component associated with the polarization state e−σ , I ∝
sin2[1(r)/2], has null on-axis intensity (see later: figure 5(d)).
That is to say, the light-induced spherulite is characterized by
the on-axis director pointing along the z axis,1(r) = 0, which
follows from axisymmetry.
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Figure 4. Optical vortex generation. (a) Normalized intensity spatial distribution Iα with α = 0◦, 45◦, 90◦ and 135◦ under circularly
polarized monochromatic illumination; see the text for details. (b) Phase spatial distribution of the contra-circularly polarized component of
the output field with respect to the circular polarization state of the incident probe beam deduced from the data shown in panel (a).
(c) Azimuthal phase profile along circles of different radii that reveal a phase singularity with topological charge 2.
The generation of an optical phase singularity is a passive
process that does not depend on the wavelength, though
its efficiency depends on the birefringent phase retardance
which obviously depends on wavelength. Experimentally,
it is possible to observe the phase singularity produced
by noting that the spatial distribution of the orientation of
the polarization ellipse major axis of the total output field,
ψ(x, y), depends linearly on the phase difference between the
right-handed and left-handed circular field components,
ψ(x, y) = [arg(Eout · e+1)− arg(Eout · e−1)]/2. (3)
The azimuthal phase distribution8(x, y) of the e−σ -polarized
component of the output field is therefore given by the simple
relationship
8 = 2ψ. (4)
From the standard polarimetry relationship ψ = (1/2)
arctan[(I+45◦ − I−45◦)/(I0◦ − I90◦)] [25], where Iα refers
to the intensity distribution obtained by placing a polarizer
at an angle α from the x axis at the output of the film
(see figure 4(a)), the phase map of the optical vortex can be
measured. The result is displayed in figure 4(b). A 4pi phase
change per full rotation around the center of the spherulite
is observed whichever closed circuit around the center of the
spherulite is chosen. We thus conclude the generation of an
optical vortex with topological charge 2. This is illustrated in
figure 4(c) where we show the dependence of 8 on φ along
circles of radius R = 3 µm (white short dashed in figure 4(b))
and 10 µm (white dashed in figure 4(b)). In addition, the
area outside which the phase cannot be determined as a
result of negligible director reorientation has a diameter that
corresponds to the residual state diameter D∗; see figure 4(b).
A finer description of the phase map should take into
account diffraction effects associated with the presence of
topological liquid crystal defects, namely a nonsingular
disclination ring with typical diameter∼p/2 and on-axis point
defects [23, 9]. This is however beyond the scope of the
present work. Nevertheless, it is worth mentioning that the
existence of a radially varying phase profile of the vortex field
component described by the term exp[i2σϕ(r)] in equation (2)
is retrieved by our observations, as seen in figure 4(b) as a
swirl of the azimuthal phase profile.
Figure 5. Demonstration of on-demand direct laser writing of
arbitrary arrays of optical vortices. The four-letter acronym CNRS
is observed between crossed linear polarizers at 633 nm wavelength
(a) and between crossed circular polarizers at 532 nm wavelength
(b). The enlargement of an individual pixel of each type is shown in
panels (c) and (d), respectively, where arrows refer to the orientation
of the polarizers.
Since laser-induced spherulites are metastable states,
arbitrary arrays of optical vortex generators can be stored
in frustrated cholesteric films. This is illustrated in figure 5
where the four-letter logo ‘CNRS’ is displayed, each pixel
being a charge-two optical vortex when observed between
crossed circular polarizers. In this figure, two reading schemes
are presented. In figure 5(a) the pattern is observed between
crossed linear polarizers at 633 nm wavelength, whereas it
is observed between crossed circular polarizers at 532 nm
wavelength in figure 5(b), the corresponding pixels being
shown in figures 5(c) and (d).
Moreover, any assembly of optical vortex generators
can be erased, either locally or globally. From the local
point of view, slightly off-axis illumination of a structure
by the writing beam itself leads to its erasure. It involves
laser-induced orientational destabilization and has a threshold
character, a beam with power P  Pth,2 having no effect.
Global erasure can be obtained as well by applying a
low-voltage quasistatic electric field along the normal to
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the film, typically a few volts, a value that depends on
the dielectric anisotropy of the liquid crystal mixture. This
is made possible owing to a positive dielectric anisotropy,
which leads to an electrical torque density exerted on the
medium that tends to align the director field along the
electric field (here the z axis). The director field is eventually
unwound, thereby restoring the uniform ground state n0 above
a threshold voltage, as previously shown in the case of
localized structures generated by tightly focused infrared laser
beam [26]. If a quantitative estimation of the characteristic
time of the erasure process is a difficult task that should
account for the presence of defects, it is qualitatively expected
to scale as the orientational relaxation time of (achiral)
nematic films, namely τ = γ1L2/(pi2K) where γ1 is the
orientational viscosity and K the typical value of the elastic
constants, which is of the order of 10 ms for the present
film thickness. Obviously a field dependent correcting factor
should be introduced since the higher the applied voltage, the
smaller the erasing time.
Finally we stress that the present switchable microscopic
optical vortex generators created by light in frustrated
cholesterics with pitch p have typical cross-section p2. This
is much less than what was recently reported in [27], where
the strategy is to create diffraction gratings endowed with fork
singularities in order to generate optical vortices. Indeed the
finger defect structures used in the latter reference have typical
cross-section Np2 with N > 1000. Such a drastic downsizing
of the required spatial dimensions is made possible by
exploiting the optical anisotropy rather than the refractive
properties of the light-induced defect structures.
To conclude, paraxial Gaussian beams enable the local
optical winding of frustrated cholesteric liquid crystal films.
The resulting localized space-variant birefringent structures
can be used to create arbitrary arrays of microscopic optical
vortex generators endowed with write-and-erase capabilities.
This extends the use of liquid crystal defect structures to
on-demand integrated singular photonic applications that
have been restricted so far to the realization of multistable
photonic architectures [9] and electrically tunable microlens
arrays [28]. In view of the great application potential of spin-
to-orbital angular momentum conversion in photonics [29],
the present results might be useful towards the elaboration of
large-scale singular microphotonics elements.
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